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I. Angular momentum in nuclear fission and tests of the six fission modes

II. Tests of the simplex quantum number in odd-mass actinide nuclei and parity doublets; 

brief excursion into measuring atomic electric dipole moments
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.

Some of today’s themes

NB   The nuclear physics data of this presentation are from experiments w/ Gammasphere and HERCULES

21 cm

64 fast-plastic detectors

4.1° ≤ θ ≤ 26.8°,  Dsource/target = 23.2 cm
 

Segmentation determines fission axis (expt. I)

However, residue counting is prime application

(experiments II) 
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19F + 197Au → 218Ra* → fission

Elab=120 MeV

8 Compton-supp’d HPGe [Iγ(yrast)]

14 BGO hexagonal crystals (mi,avg)

fiss. product

W
a
lt
e
r 

R
e
v
io

l 
N

u
c
le

a
r 

P
h

ys
ic

s 
O

v
e
r 

T
h
e
 Y

e
a
rs

Additional comments

Similar study done

by Wilhelmy et al.

PRC 5, 2041 (1972); 

but with a 252Cf SF

source.

Source experiments

are the workhorse

for such studies; 

Robert did several

of these too including

the one 6 slides later.
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Finding 1: spin sawtooth confirmed      Finding 2: fragment-partner spins uncorrelated             Conclusion:

Finding 2 corresponds to one of

the authors’ expectations and
seems to suggest: angular-

momentum generation happens

“post-scission”

French lead collaboration

(IJC Lab Orsay)

Experimental

γ-ray multiplicities for 3 data sets

ALTO facility Orsay

• neutron source

• ν-Ball γ-ray array

252Cf set taken w/ additional IC

238U(n,f) data, slope=0 (no corr.)
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Angular momentum conservation

Wriggling: sH + sL +  ℓ = s0 = 0 (252Cf )

Bending & Twisting: pairwise cancellation of fragment spins

Tilting: similar to wriggling

AM projection onto fission axis: K=0 (W&B), K>0 (T&T)

Wriggling

Bending

Twisting

Tilting

┴

║

Illustration: J. Snyder, PhD Thesis

W.U. St. Louis (2014)

ℓ

sH             sL

Preceeding work:
Nix & Swiatecki 

(1965)
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2-fold degeneracy

for orientation w.r.t.

fission axis; hence 

not 4, but 6 modes

Impacts correlations

between light and

heavy fragment?  
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Effect of 2-fold

degeneracy…

Slide: R. Vogt, communicated through L. Sobotka

i.e. 2-fold degen.

red & blue correlated, black not

NB: spin generated “pre-scission”

(model)

FREYA code
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Preliminary summary of data vs. theory controversy

Wilson et al. showed experimental evidence for uncorrelated fission-fragment-spin magnitude.

Randrup and Vogt don’t question the observation, they object to the logic that spin generation

happens “post-scission” (lack of correlations is an a-priory expectation of the R&V model). 

Objectives

γ-ray angular-distributions and -correlations (between fiss. fragments) can shed light on the issues.

1) Orientation of the fragment spins w.r.t. fragment motion!

2) Relative orientation of the fragment spins!

3) Magnitudes of the intrinsic spins?  

Approach (as a starter)

1)   Practice spectroscopy especially angular-distribution analysis w/ fission axis as orientation axis;

      this feature is absent in Wilson et al. despite that an IC was used 

2a) Consider using two γ lines where one is a Doppler shifted and the other one a stopped peak;

      this implies having a fission fragment detected (next slide)

2b) Develop a method of “inter” correlations between LF and HF; rather than analyzing “intra”

               correlations for either one fragment  

Wrapping it up…

,

SL
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Angle:  <  Fission Axis, γ-ray detector

Measure fragment velocity as well
 

Two types γ‘s: “partially/fully stopped”,

Doppler shifted

Gating by LF or HF; no β-decay γ‘s 

Stat’s: 2.1 ∙ 109 fragment-γ4 quintuples

10+
1 → 8+

1

, 230 uCi

Additional comments

Qt measurements for

102-108Mo, 108-112Ru; 

evidence for a

triaxial shape at 

medium to high spin.

Motivation for the

development of the

UNEDF0 energy

density functional by

Zhang, Bhatt, and

Nazarewicz.

J. Snyder et al., PLB 723, 61 (2013) [GSFMA263] 

W
a
lt
e
r 

R
e
v
io

l 
N

u
c
le

a
r 

P
h

ys
ic

s 
O

v
e
r 

T
h
e
 Y

e
a
rs



CORRELATIONS THROUGH DOPPLER SHIFTING
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Doppler vs No Doppler
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= Heavy 

Fragment

104Mo

Fragm

ent

144Ba

Doppler Shifted Energy

144Ba Decay

431 keV

330 keV

199 keV

104Mo Decay

519 keV

368 keV

192 keV

199 keV

330 keV

431 keV

192 keV

368 keV
519 keV

Doppler Shifted Energy

Light Fragment “check”

Non-Doppler Shifted Energy

Heavy Fragment “check”

GSFMA263 data: analysis J. Davis, FSU & CENTAUR

Focus on top 1D spectrum →
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▪ Requiring coincident 

γ‘s for 104Mo   

(require 368 keV and 

corresponding label)

▪ Plotting efficiency 

corrected 144Ba         

γ intensities

and 192 keV Gate and 641 keV Gate

and 519 keV Gate and 733 keV Gate

144Ba γ intensity with two coincident 104Mo gates 

 →  Similar intensity patterns regardless of gate applied – the spin of LF has no correlation w/ the spin of HF

Not only that this result is expected, but this type of analysis isn’t the prime objective of the present analysis.

Heading now towards LF, HF γ-angular correlation analysis.

GSFMA263 data: analysis J. Davis, FSU & CENTAUR104Mo Decay = gating

192 keV

368 keV (G)

519 keV

641 keV

733 keV
10+

8+

6+

4+

2+

0+
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CHECK OF CORRELATED SPIN DISTRIBUTION
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REFLECTION-ASYMMETRIC NUCLEAR SHAPE (Β3 ≠ 0)

R=exp(-iπI) Half-turn around axis 1 No

X Mirror symmetry w.r.t. a plane 

containing axis 1 and not axis 3

No

S=PR-1 Mirror symmetry w.r.t. a plane 

containing axes 1 and 3 (P:parity) 

Yes

Spin selection rules: half-integer spin
S = P exp(iπI) = P cos(πI) + P i sin(πI)

S = -i        IP = 1/2-, 5/2-, 9/2-, …  and 3/2+, 7/2+, 11/2+,…

S = +i       IP = 1/2+, 5/2+, 9/2+, … and 3/2-, 7/2-, 11/2-,…

The simplex fixes the spin for a given parity! 

1

3

NB both S=-i and i have been observed often.

For integer spin: S=1 and -1; the latter has

been only observed for non-yrast sequences.
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(β3

“combined q.n.”

(B/M Vol. II)

Additional comment: Octupole correlations provide a good example how the symmetry of the mean field

dictates the spin-parity sequence of the level structure irrespective the degree of deformation and or the

configuration. The “zigzag” pattern is present in different band structures and over a large spin range.
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yrast 

S=-i

non-yrast 

S=+i
non-yrast 

S=-i

221Th131   
18O + 207Pb (4n channel), Elab=96 MeV, 

Previous work: 
Dahlinger et al. NPA 484 (1988)

E.g. 13/2+ vs. 13/2-

Erel=250 keV

Intensity difference:

about factor of 5

Reviol et al., PRC 90, 044318 (2014) [GSFMA202]
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Comments

Yrast vs. non-yrast:

1 vs. 2 degenerated

simplex bands;

Assignments: K=1/2

for yrast, K=5/2 for

non-yrast band (same

as 223Th, yrast);

Basis for assignments:

B(E1)/B(E2) info - see

next slide - as well as 

deduced B(M1) values; 

 

Studying the present

scenario has clarified:

for octup. sequences

with K≥3/2 degenerate

parity doublets can be

expected;
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B(E1)/B(E2) Information

expt.                            theory

Ref.: Reviol et al., PRC 90, 044318 (2014)  [expt.]

        Cwiok & Nazarewicz, NPA 529, 95 (‘91)  [table]

        Nazarewicz & Olanders, NPA 441, 420 (‘85)  [cld]

Assignments are confirmed by B(M1) data.
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Additional comments

This provided evidence

for configuration 

dependent differences

in β3 (on a relative scale 

though).

The factor 2 adjustment

means: D0 calculated

in liquid-drop style is

underpredicted by the

same factor.

Until very recently, this

has been the only such 

B(E1)/B(E2) comparison

of experiment vs. theory. 

That comparison, for
120Ba, uses RHB density

functional theory, but 

D0 is overpredicted

[Lv et al. (2022)].
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Erel= E(S=+i) - E(S=-i)

In a nutshell…

Objective: Atoms should get an EDM from their nucleus; but is it measurable?

Selecting an odd-A nucleus: It is said that a near degenerate parity doublet introduces parity violating terms in

the Hamiltonian; Haxton & Henley PRL 51, 1937 (1983)

Optimization: β3 large ꜛ, Erel,P-doublet small ꜜ, Z large ꜛ 

Example: Ra nuclei near 226Ra are “long lived” (10d) and available at “large” quantities (750 ng, 2 ∙ 1015 atoms)

Nuclear physics ingredients of EDM measurements

Given that there is a high demand for 223,225Ra (e.g. for Ra-molecule based RDM experiments) RVFJ, ADA,

et al. have a Coulex project to study 223Ra: E3 m.e. [B(E3↓): 30-60 W.u.], level scheme confirmation. 

50

55
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K=5/2 K=3/2 (K=5/2)K=1/2 or 3/2
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Thank you for your attention!

Congratulations, Robert!
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BACKUP SLIDES
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K ≠ 0: contribution

from Twisting

In a nutshell…

Semi-phenomenological approach

K ≠ 0 modes frozen (due to ℑ 

considerations), “2D” picture;

FREYA code of Randrup et al.

Time-dependent DFT theory

K ≠ 0 modes permitted, “3D”;

Bulgac, Scamps et al.

Accepted by both groups: validity

of 6 collective modes (“pre-fission”)

Theory – theory controversy
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Data: γ-fragment correlated events

even-even and odd-A nuclei

Result (138,140Xe, 142,144Ba):

angular momentum must be

oriented in a plane perpendicular

to fission axis

M1+E2

E2

E2

E2

E2

E2

E2

E2

spin plane

Ge(Li)
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Testing UNEDF0 energy density functional

Qt data:
Low ω/spin Raman et al. ADNDT 36 (‘87)

High ω/spin Snyder et al. PLB 723 (2013)

ħω=Eγ/2

Excursion: physics case GSFMA263
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METHOD FOR Γ  ANGULAR CORRELATION

Spectral Expansion of DCO – SpeeDCO

▪ Good for large numbers of geometric correlations; like 

Gammasphere

▪ DCO distributions form a complete orthogonal basis

▪ Perform analysis on coincident gammas in that basis

▪ Shown to be a valid way to determine spins and 

multipolarity-mixing ratios (δ) of states in 128Ba

Wiedenhöver et al. PRC 58, 721 (1998)

20

Data analysis outlook

128Ba level scheme:
16+ →15+ →14+

SpeeDCO for fission – present thoughts

• Method allows for the event-by-event transformation of data; increment several float-point matrices with 

      the value of the corresponding Legendre polynomial (could be negative, no sweat).

• Applying the correct γ gates, we should be able to determine angular correlation between γ‘s of  fission

      fragments.

γ
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HIAS15

219Th129

223Th133

221Th131

i11/2(g9/2)
4 K=1/2

(g9/2)
3 K=3/2

(i11/2)
2(g9/2)

5 

K=5/2

Grodzins estimate

for 221Th: β2=.11

PRC 37 (‘88)

Related paper: Cwiok & Nazarewicz, NPA 529 (1991)
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219Th129    
26Mg + 198Pb (5n channel)

E.g. 13/2+ vs. 13/2- :  Erel=-80 keV

B(E1)/B(E2)avg= 1.26 (81) 10-6 fm-2

Reviol et al., PRC 80, 011304R (2009) [GSFMA154]

S=-i

S=+i
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Nucleus (Ref.) B(M1)avg

[10-2 μN
2]

K a)

220Th (Reviol ‘14) 0.29 (3) 0.07

226Th (Dahlinger ’88) 0.30 (1) 0.21

228Th (Wieland ’92) b) 0.12 (3) 0.11

a) Suggested K

b) Wieland et al., PRC 45, 1035 (‘92)

B(M1)/B(E2) analysis

B(E2) from Grodzins estimate
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HIAS15 232323

Ref:
Spear,

ADNDT 42 (1989)

Gaffney et al,

Nature 497 (‘13)

Wollersheim et al.,
NPA 556 (1993)

The N = 134 – 138 data points

are elevated w.r.t. the heavier,

higher-N cases.

This is in line with the location

of the lowest π = − states 

(N = 134, 136).

Survey of 3- → 0+ B(E3) data

Recent RIB measurements
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